Abstract. This paper presents the results of structural studies for a welded joint of the Grade 2 titanium alloy in submicrocrystalline and microcrystalline states produced by electron beam welding when joining 2-mm-thick plates. Microhardness distribution patterns of the Grade-2 titanium alloy in micro-and submicrocrystalline states are identified in the weld zone and heat-affected zone. These patterns reflect a difference in structural phase states. It is assumed that one of the key factors affecting both the structural state and microhardness distribution in the weld zone and heat-affected zone during electron-beam welding is high concentration of oxygen atoms embedded into the crystal lattice of -Ti-based solid solution.
Introduction
Welded joints of titanium alloys are given much attention due to the fact that these alloys are difficult to weld. In this context, laser welding is the most frequently discussed technology [1] [2] [3] [4] . Its advantage is the possibility of welding in the atmosphere rather than in vacuum as in the case of electron-beam welding [5, 6] . As compared to electron-beam welding, laser welding is often associated with a higher degree of energy concentration, while the development of the electron-beam technique using plasma cathodes [7] allows highly focused electron beams to be generated. It is important here that the features of structural and phase transitions in welding of titanium alloys are associated with high heating and cooling rates, as well as with polymorphous transitions → which are typical of titanium alloys.
The purpose of this study is to investigate the structural features, phase composition and microhardness in the weld zone produced by electron-beam welding of the Grade 2 titanium alloy in the submicrocrystalline state as compared to alloys in the ordinary state.
Materials and Methods
For the purpose of this study, the Grade 2 titanium alloy was chosen. Samples in the submicrocrystalline state were made of this alloy. The submicrocrystalline state was obtained by rolling bars with a cross section of 66 mm produced by one of severe plastic deformation methods (multi-axial forging) [8] . 212 mm plates with a length of 30 mm were used as samples for welding. The samples were pre-cleaned and clamped in a special tool in such a way to avoid contact of the weld zone with the tool, for welding in a vacuum chamber of an ELS-0,5-6 industrial-scale plant. Electron beam welding of the samples was performed by a plasma cathode electron gun [7] with an accelerating voltage (V) of 28 kV, beam current (In) of (I n ) 35 mA, focus coil current up to 551 mA and a beam travel speed of 25 mm/s.
The phase composition of the initial samples and welds was determined using a DRON-4-07 X-ray diffractometer with Cu К radiation. The quantitative phase analysis was performed by Rietveld method based on processed diffractograms of the Grade 2 alloy [9] .
Samples for metallographic studies were cut from welded plates perpendicular to the weld, then ground, polished and etched with a solution HF(1 part) + HNO 3 (2 parts) + Н 2 О(7 parts).
The weld metal structure was examined using an Olympus GX-51 optical microscope (OM) equipped with a SIAMS700 image analyzer.
The structure of the samples was analyzed by scanning electron microscopy. A TescanVega 3 SB scanning electron microscope was used for the analysis.
The microhardness was determined on cross sections of the samples at different points of the weld using an Instron Wilson Hardness Tukon 2500-6 tester with a load of 25-50 g. Microhardness was measured along five parallel "paths" in the cross-section plane. These "paths" were perpendicular to the weld. The distance between the paths is 200 μm.
Results and Discussion
Microstructures of the analyzed Grade 2 alloy welds in different structural states are presented below on the basis of optical metallography ( Fig. 1 ) and scanning electron microscopy ( Fig. 2) data.
According to the standard method, the weld structure is described by identifying three zones in it: I -weld zone (WZ); II -heat-affected zone (HAZ); III -parent metal zone (PM). There are interfaces between the zones that may be clear or blurred. The presence of such boundaries is typical of welding by concentrated energy flows [4] . When describing the weld structures for initial microcrystalline and submicrocrystalline states of the Grade 2 titanium alloy, three zones can be identified as well ( Fig. 1, 2) . By analyzing the structure of these microstructural images, we determined the following features. The boundary region between the HAZ and the PM zone is more blurred than that between the HAZ and the WZ. The formation of the weld is accompanied with rapid cooling both in the weld zone and in the heat-affected zone. This leads to states in weld zones that are specific in terms of structure and composition. Martensitic transformations that occur in titanium alloys are an effective strengthening mechanism that ensures sufficiently high strength characteristics of the weld. The presence of the -phase is one of the features of the crystalline structure formed in the melt zone. This phase is formed as a result of quenching from a temperature above the temperature of transition to the -phase [10] .
In our case, the structural analysis of the titanium alloy weld in initial microcrystalline and submicrocrystalline states revealed a number of features (Fig. 1, 2) . When a welded joint is formed under melt cooling conditions from a high-temperature β-region, the weld structure has two morphological features (Fig. 1, Fig. 2 c, d ): large polyhedral grains of the transformed β-phase with an average grain size of 60  90 μm and a plate-like intragranular structure of the α-phase. A similar structure was observed in [1] when welding a titanium alloy in a weld after laser welding. Structural changes induced by laser welding of the Grade 2 titanium alloy led to a slight increase in the average microhardness value in the weld zone [1] . In our case, the HAZ microstructure induced by electron beam welding ( Fig. 1 and Fig. 2 e, f) is representative for the structure formation under conditions of gradient temperature distribution. While a mix of martensitic α-phase and PM α-phase grains is observed on the WZ boundary (Fig. 1) , the HAZ structure on the PM boundary ( Fig. 1) is mainly represented by α-phase grains, as in the PM zone, but these grains are larger in size than that in the PM zone. In the PM zone, the titanium alloy is in the singlephase state with the -phase. This finding correlates with the data in [1] . According to Xray diffraction data, the -phase is found to have a hexagonal close-packed lattice with parameters а = 0.29761 nm and с=0.47367 nm. Using the optical metallography technique, we established that the average grain size of the -phase is 11.21.5 μm.
The microstructural analysis of the submicrocrystalline titanium weld joint (Fig. 1 ) revealed a number of features both in the PM structure and the marthensite phase structure in the weld zone. In addition, the β-phase was detected in all zones of the welded joint of the Grade 2 submicrocrystalline titanium alloy. Despite relatively rapid cooling, the WZ structure is similar to the structure formed by welding of microstructural titanium, i.e. there is a growth of grains as compared to PM grains ( Fig. 1 and Fig. 2 g, h) . The specific feature of the PM zone in submicrocrystalline titanium is that the structure has been formed as a result of step-by-step grinding of initial titanium alloy grains by multi-axial forging with appropriate heat treatment [11, 12] . The average grain size varies from 0.5 to 0.8 μm. In the weld zone, the grain size increases to 60  90 μm. It should be noted that resistance spot welding of the Grade 2 submicrocrystalline titanium creates the quenching conditions in the WZ under which a submicrocrystalline cooling structure is formed. Growth of grains is noted in a small PM zone [13] .
The structural differences of the Grade 2 titanium alloy in the microcrystalline and submicrocrystalline states are reflected in the microhardness distribution in the weld zone ( Fig. 3 and 4) . The microhardness was determined on the cross sections of the samples in the micro and submicrocrystalline states of the Grade 2 alloy using different measurement procedures. In the first procedure, microhardness was measured from different weld sections along five "paths" perpendicular to the welded joint. Figure 3 shows the layout of the heat-affected zone and the microhardness distribution depending on the distance on the cross sections along the five lines. . These values are typical of the Grade 2 alloy in the submicrocrystalline state [12] . Such a spread of microhardness values is due to the fact that an intender forced into the surface of the sample falls into different phases or into interphase boundaries every time.
By statistically processing H V values obtained as a result of microhardness measurements along all paths of the test samples, we distinguished specific microhardness zones in terms of magnitude and location in the weld zone (Fig. 4) . Microhardness distribution in the micro-and submicrocrystalline states of the Grade 2 alloy is characterized by close average values in the HAZ. The significant differences are observed in the microhardness distribution in the weld zone of the Grade 2 alloy in the microcrystalline state, where the average microhardness H V is higher than that in the submicrocrystalline state. The spread of microhardness values (H max H min ) in the submicrocrystalline state is much higher. This reflects a higher structural heterogeneity of the alloy in the submicrocrystalline state in the weld zone as compared to the microcrystalline state. Another situation is observed in the HAZ area and in the area far from the weld zone. Here, the spread of microhardness values (H max H min ) in the microcrystalline state is slightly higher than that in the submicrocrystalline state (Fig. 4) .
It is important to note that the structural heterogeneity of the Grade 2 alloy in these zones in the microcrystalline state is higher than that in the submicrocrystalline state. The diagrams in Figure 4 reflect the fact that a spectrum of structural phase states in the submicrocrystalline state of the Grade 2 alloy in the HAZ zone is different from the states in the microcrystalline titanium alloy. All these findings are consistent with the metallographic data presented above. This is also reflected in the microhardness distribution in the test samples determined using another measurement procedure. According to this procedure, microhardness in the weld zone was measured on three "paths" inside and along the welded joint. Microhardness on the fourth "path" parallel to the first three ones was measured far from the weld zone in the base metal (Fig. 5) . The above microhardness distributions depending on distances along the welded joint clearly demonstrate that the microhardness values in the weld zone are not widely scattered and differ significantly in numerical values (Fig. 5) . These microhardness values far from the weld joint are typical of the Grade 2 titanium alloy in the corresponding structural states [1, 10, 12, 14] . The above microhardness distributions depending on distances in the base metal zone far from the welded joint clearly show that the microhardness of the microcrystalline alloy at the center of the weld joint (lines 2 and 3, Fig.5 ) has a smaller spread of values as compared to the alloy in the submicrocrystalline state, while average microhardness values in both states are close to each other. This reflects the fact that the structural heterogeneity is larger in the central part of the weld joint when the titanium alloy is in the submicrocrystalline state as compared to the microcrystalline state.
Conclusion
The welded joints produced by electron beam welding of Grade 2 titanium alloys in the microcrystalline and submicrocrystalline states were examined using structural methods and microhardness measurements. The findings lead to an important conclusion. In the submicrocrystalline state, the spectrum of structural phase states of the Grade 2 alloy in the weld zone and the HAZ zone is different from the states in the microcrystalline titanium alloy. The structural features of all weld zones that have been identified taking phase transitions into account determine the hardness distribution pattern and the related strength properties of compounds. This information is necessary for developing a technique aimed at optimizing physical and mechanical properties of welds produced in submicrocrystalline Grade 2 titanium alloys by electron-beam welding.
